A B S T R A C T Experiments were performed on 36 plasma-expanded Munich-Wistar rats to examine the effects of acute hypercalcemia on the determinants of glomerular ultrafiltration. Elevation of total plasma calcium concentration to an average value of 13.2±0.5 mg/dl, by acute infusion of calcium chloride into nonthyroparathyroidectomized (non-TPTX) rats, resulted in significant declines in single nephron and whole kidney glomerular filtration rate. These declines were due primarily to a fall in the glomerular capillary ultrafiltration coefficient (Kf), to a mean value approximately 60% below that determined in the preinfusion period. These changes were not seen in a separate group of sham-treated non-TPTX rats.
INTRODUCTION
Antidiuretic hormone (ADH) and parathyroid hormone (PTH), peptides known to increase cyclic nucleotide production in isolated glomeruli (1, 2) , have recently been found to reduce the glomerular capillary ultrafiltration coefficient (K,) in the Munich-Wistar rat (3, 4) . Furthermore, prostaglandin E1 (PGE1) has also been shown to reduce Kf in this strain of rats (5) . Because prostaglandins of the E series are also known to stimulate cAMP production in isolated glomeruli,l and because dibutyryl cAMP (DBcAMP) has also been found to reduce Kf in vivo (3) , these results suggest that the effects of ADH, PTH, and PGE, to reduce Kfare secondary to some as yet unidentified glomerular action of cyclic nucleotides.
The calcium ion appears to be intimately involved in the intracellular action of cyclic nucleotides, serving as an important regulator of cAMP-mediated effects in several mammalian cell systems (6) , including renal tubule epithelial cells (7, 8) . In addition, the calcium ion is capable of stimulating production of cGMP in several tissues (9) , again including renal epithelia (10) . Because elevation in plasma calcium concentration is well known to diminish glomerular filtration rate (GFR; [11] [12] [13] , and because the calcium ion exerts a potent influence on cyclic nucleotide production and action, we undertook the present series of investigations to explore the effects of acute hypercalcemia on the determinants of GFR. T Proximal tubule.
METHODS
General. Studies were performed in 36 adult male Munich-Wistar rats, weighing 214-271 g. Before the study, animals were allowed free access to a regular pellet diet and water.
Rats were anesthetized with Inactin (100 mg/kg, i.p.), placed on a temperature-regulated micropuncture table, and subjected to tracheostomy. Polyethylene catheters were inserted into the left jugular vein for infusion of inulin and PTH solution, into the right jugular vein for infusion of calcium chloride or sodium chloride solutions, into the left femoral vein for infusion of iso-oncotic plasma, and into the left femoral artery for periodic blood sampling and estimation of mean femoral arterial pressure, (AP). AP was monitored with an electronic transducer (model P23Db, Statham Instruments Div., Gould Inc., Oxnard, Calif.) connected to a direct-writing recorder (model 7754A, HewlettPackard Co., Palo Alto, Calif.). To achieve initial glomerular plasma flow rates high enough to prevent achievement of filtration pressure equilibrium (defined below), all rats underwent modest plasma volume expansion. A volume of homologous rat plasma (obtained at the time of study by exsanguination of a littermate) equal to 3% of body wt was infused intravenously. Simultaneously, a volume equivalent to 1.5% body wt of whole blood was withdrawn from the femoral arterial catheter. The total duration of this hypervolemic exchange was 60 min. This volume-expanded state was maintained with a continuous plasma infusion delivering a volume equivalent to 0.5% body wt/hr. The left kidney was exposed by a left subcostal incision and gently separated from the adrenal gland and the surrounding perirenal fat. To estimate the colloid osmotic pressure of plasma entering and leaving glomerular capillaries, protein concentrations (C) in femoral arterial (CA) and surface efferent arteriolar (CE) blood plasmas were measured as described previously (14) . Colloid osmotic pressure (H1) was calculated according to the equation derived by Deen et al. (15) . Values for CA, and thus HA, for femoral arterial plasma are taken as representative of values of C and HI for the afferent end of the glomerular capillary network. These estimates of pre-and postglomerular protein concentration permit calculation of single nephron filtration fraction (SNFF) and initial glomerular capillary plasma flow rate (QA), using equations given below.
Experimental groups 1 and 2. The effects of acute hypercalcemia on glomerular dynamics were studied in seven Munich-Wistar rats (group 2). After hypervolemic exchange transfusion, collections of tubule fluid, urine, efferent arteriolar and femoral arterial blood, and measurements of AP, PGc, and PT were begun and completed in the subsequent 45-min interval. At the end of this initial study period, an infusion of calcium chloride (120 mg of elemental calcium per deciliter dissolved in 5% dextrose solution) was begun at the rate of 0.027 ml/100 g body wt/min. Within 60 min a total calcium plasma concentration between 12 and 15 mg/dl was achieved and the above described measurements and collections were repeated in the subsequent 45 min.
To serve as the control group for this experiment, seven other Munich-Wistar rats (group 1) were studied with an identical protocol except that the calcium chloride solution was replaced by an equimolar solution of sodium chloride. The time-course for collection of fluids and measurements of pressures for both study periods was exactly as that for group 2.
Experimental groups 3 and 4. PTH-dependent cyclic nucleotide production in renal tubule epithelial cells has been Effects of Hypercalcemia on Glomerular Ultrafiltrationshown to be enhanced by the addition of calcium ions to the incubation medium (2) . Even though circulating PTH levels would be expected to fall with acute hypercalcemia, these recent findings raise the possibility that at least some PTH must be present in order to elicit the hypercalcemiarelated decline in GFR. To test this possibility, seven additional rats (group 3) were acutely thyroparathyroidectomized (TPTX) by electrocautery immediately after induction of anesthesia. Because it is known that circulating endogenous PTH levels are reduced to very low levels within 2 h after acute TPTX (16), the first study period was carried out 120-150 min after TPTX, and in identical fashion to those in groups 1 and 2. After completion of the initial study period, the same acute hypercalcemia protocol as employed in group 2 was carried out.
To ascertain whether the failure for GFR to decline with hypercalcemia in TPTX rats was the consequence of deficiency of PTH per se, seven additional TPTX rats (group 4) were studied, using an identical protocol as in group 3 except that PTH was infused in the second study period. Four of the seven rats received 15 U/kg of synthetic bovine fragment PTH (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.) intravenously as a priming infusion, and this hormone was added to the inulin infusion solution to deliver 0.5 U/kg per min for the duration of the second period. Three of the seven rats received 20 U/kg of PTH as a priming infusion followed by a continuous PTH infusion of 0.67 U/kg per min. In addition to measurement of Pca, four groups of two rats each were prepared exactly as rats in groups 1-4, to permit determination of serum ultrafilterable calcium concentrations. 4 ml of blood was collected from each rat in each group at the termination of the second study period.
Analytical. The volume of fluid collected from individual proximal tubules was estimated from the length of the fluid column in a constant bore capillary tube of known internal diameter. The concentration of inulin in tubule fluid was measured, usually in duplicate, by the microfluorescence method of Vurek and Pegram (17) . Inulin concentrations in plasma and urine were determined by the macroanthrone method of Fuhr et al. (18) . Protein concentrations in efferent arteriolar and femoral arterial blood plasmas were determined, usually in duplicate, with an ultramicrocolorimeter by using a microadaptation (14) of the method of Lowry et al. (19) . Phosphate concentrations in urine and plasma were determined by a modification of the method of Fiske and Subbarow (20) . Pca was measured with a Fiske Calcimeter (model T16009, Fiske Associates, Inc., Uxbridge, Mass.). Ultrafilterable serum calcium concentration was determined by ultrafiltration of 2 ml of serum with a Millipore 25-mm stirred cell system (Millipore Corp., Bedford, Mass.) and a PM30 Amicon membrane (Amicon Corp., Lexington, Mass.). Measurement of calcium concentration in the initial 300 ,ul of ultrafiltrate was performed with the Fiske Calcimeter.
Calculations. Single nephron glomerular filtration rate: SNGFR = (TF/P)In * VTF (1) where (TF/P)In and VTF refer to transtubular inulin concentration ratio and tubule fluid flow rate, respectively. Single nephron filtration fraction:
CE where CA and CE denote afferent and efferent arteriolar protein concentrations, respectively.
Initial glomerular capillary plasma flow rate:
Q-SNFF According to the Starling relationship, the rate of ultrafiltration per glomerulus (SNGFR) is given by the expression:
The ultrafiltration coefficient (Kf), the product of surface area (S) and effective hydraulic permeability (k) of the filtering capillaries, is calculated from equation 4 and a differential equation which gives the rate of change of protein concentration with distance along an idealized glomerular capillary. Solution ofthis differential equation, described elsewhere (15) , permits calculation of K,.
Statistical analyses were performed by the paired t test. Statistical significance is defined as P < 0.05.
RESULTS
Initial study period in groups 1 and 2. Mean data obtained from rats studied before sodium chloride (group 1) or calcium chloride (group 2) infusion are summarized in Table I and consistently in excess of levels obtained in nonhypercalcemic group 1 control rats. After calcium chloride infusion in TPTX rats, QA fell slightly, from a mean value of 143±+17 to 123±+12 nl/min (P > 0.30). As with total kidney GFR, SNGFR did not change significantly with hypercalcemia in TPTX rats (Table II) . Consequently, SNFF was similar in both study periods in group 3 rats, averaging 0.33±0.02 before and 0.32±0.01 (P > 0.60) during, calcium chloride infusion.
During calcium chloride infusion in TPTX rats, PGC declined significantly (P < 0.02) from a mean value of 51.2±1.8 to 46.8±1.3 mm Hg, whereas PT was largely unchanged, averaging 15.6±0.8 before and 14.0±0.8 mm Hg during, calcium chloride infusion (P > 0.40). Therefore, values for AP fell significantly during hypercalcemia, on average from 35.6±1.6 to 32.8±0.8 mm Hg (P < 0.02). Values for Pc were unchanged by calcium chloride infusion, averaging 10±1.0 and 10 ± 1.2 mm Hg (P > 0.50) in the two study periods in this group. Average values for CE and HIE decreased moderately with calcium chloride in group 3 (from 8.6
±0.3 to 8.0±0.3 g/dl, PF> 0.10, and 36.0±2.0 to 31.8 ±1.9 mm Hg, P > 0.10). Thus, as in the initial period, the ratio of HE/AP remained close to unity, averaging 0.97±0.05. Once again, only minimum values for Kf could be calculated under these conditions. These minimum values for Kf in hypercalcemic TPTX rats were, on average, similar to initial values (Table II) .
Effects of calcium chloride and PTH infusion in TPTX rats (Group 4) . Average values for whole animal and single nephron data in group 4 are summarized in Table II . As with group 3 rats, Hct fell significantly, AP remained largely unchanged, and PCa rose significantly with calcium chloride and PTH infusions, the latter from a mean value of 9.5±0.2 to 13.2±0.4 mg/dl. As shown in Table III PGC increased significantly with calcium chloride and PTH infusion, from an initial mean value of 49.7±1.0 to 52.5+0.9 mm Hg (P < 0.01). Concomitantly, PT fell slightly, on average from 16.4± 1.1 to 15.2± 1.1 mm Hg, (P < 0.02). Therefore, AP rose substantially, on average from 33.9±+1.6 to 38.9±+1.2 mm Hg, (P < 0.01). Values for Pc averaged 12± 1.1 and 11±0.9 mm Hg (P > 0.40) before and during calcium chloride-PTH infusion, respectively. Average values for CE and IE were similar in both periods (Table II) . With calcium chloride and PTH infusions, values of IE were always lower than AP, the ratio HIE/AP averaging 0.89±0.02, a value significantly less than unity (P < 0.001). Thus, unique values for Kf could be calculated and averaged 0.048 ±0.005 nl/(s mm Hg), considerably lower (P <0.01) than that obtained in the initial period (Table II) .
DISCUSSION
It is well known that hypercalcemia leads to a decrease in GFR, both acutely (11, 12) and chronically (13 (27) that a decline in CA of the magnitude observed in the present study leads to an increase, rather than a decrease, in GFR. Therefore, the major factor responsible for the declines in GFR and SNGFR measured during acute hypercalcemia in non-TPTX rats was a profound reduction in Kf. This decline in Kh, on average to some 40% of the precalcium infusion value, was not seen in rats infused with sodium chloride (group 1). This decrease in Kf therefore constitutes the primary mechanism by which acute hypercalcemia leads to reduced GFR. Recent findings by Dousa and co-workers (2) indicate that PTH-dependent cyclic nucleotide production in renal tubule epithelial cells is enhanced by addition ofcalcium ions to the incubation medium. Even though circulating levels of PTH would be expected to fall with acute hypercalcemia, these findings by Dousa (15), we calculate that because the rats were at filtration disequilibrium during the combined calcium-PTH infusion, the change in SNGFR attributable to this fall in QA is only 7 nl/min. The concomitant fall in Kf contributes a predicted decrease of about 13 nl/min to the total fall in SNGFR. The additive effects of these decreases in QA and in K, exceed the observed 13 nl/min total decrement in SNGFR because of the concomitant rise in AP, which tends to raise SNGFR. Thus, the decline in K, represents the major factor responsible for the decline in SNGFR in group 4, a conclusion similar to that noted above for group 2 rats as well. It is of obvious interest to define the mechanism(s) responsible for the PTH-dependent changes in Kf seen in the present study in response to acute hypercalcemia. Other divalent cations, including uranyl and mercuric ions (29, 30) , cause striking declines in GFR.
Indeed, the uranyl ion has been shown to reduce Kf substantially (29) . That the decline in Kf, and thus SNGFR, induced by hypercalcemia is not a nonspecific effect of divalent cations is suggested by the finding in the present study that these changes in response to calcium chloride infusion are not observed when PTH is absent. In considering alternative mechanisms, it is important to recall that the ultrafiltration coefficient, Kf, is best expressed in terms of its component quantities, namely, total glomerular capillary surface area (S) and the effective capillary hydraulic permeability (k), i.e., Kf = k-S. With regard to capillary surface area (S), PTH is known to facilitate calcium ion movement from extracellular to intracellular cytosolic compartments (31) . A rise in cytosolic calcium concentration is thought to be important in the generation of cGMP, inasmuch as the production of this cyclic nucleotide can be stimulated by calcium ion in several tissues, including renal epithelia (9, 10) . Of related interest, Dousa and coworkers have recently found that PTH activates cGMP production in glomerular mesangial cells (2) . Because these mesangial cells contain bundles of contractile myofilaments (32) , and because smooth muscle is normally rich in cGMP (9) , it is possible that cGMP is involved in stimulating mesangial contractility, the effect of which would be to decrease glomerular capillary surface area, S, and hence Kf.
A decline in Kf may also occur as a result of a fall in effective capillary water permeability, k. ADH, PTH, and PGE,, hormones known to reduce Kf (3) (4) (5) , are also capable of stimulating cAMP in isolated glomeruli (1, 2) . Of interest is the fact that, in response to PTH at least, cAMP production in isolated glomeruli is confined almost exclusively to the visceral epithelial cells located on the urinary surface of the glomerular capillary wall (2), the surface currently believed largely responsible for modulating water permeability for these capillaries.
Clearly, additional studies are required to broaden our understanding ofthe mechanisms whereby calcium ions, PTH, and cyclic nucleotides interact to bring about these fascinating and previously unsuspected influences on the glomerular filtration process.
